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ABSTRACT

Optical Study of the Electronic Band Structure of Diamond
by
Richard Arthur Roberts

Absolute normal incidence reflection measurements at both room
and liquid nitrogen temperatures have been taken on a polished Type I
and both cleaved and polished Type 1IIa diamond crystals in the range
from 5.5 to 11.5 eV. A Vacion pumping system was used in the low tem-
perature work to eliminate oil contamination of the crystal surface.
Additional room temperature measurements up to 31 eV were made on the
polished Type I and cleaved Type IIa crystals.

The Kramers-Kronig analysis used in this research to determine the
phase angle differs from previous work in as much as no extrapolation
of data outside the measured high energy limit was required. The die-
lectric function ; was obtained over a broad energy range (5.5 - 31 eV)
and structure was observed at 7.3, 7.8, 12.2 and 23 eV. The T.3 and
12.2 peaks, assigned to direct interband transitions on the basis of
recent band calculations, are in agreement with earlier measurements.
Evidence that the 23 eV peak is not intrinsic to diamond is presented.
New low temperasture observations on the absorption threshold indicate
that the previously suggested model based on a hybrid exciton is prob-

ably incorrect. The conclusion of this research is that the direct




band edge is near 7.3 eV. The previously unobserved temperature depen-
dent 7.8 eV peak can be explained as due to a change in the energy bands
near the I point although an exciton interpretation is not excluded.
Agreement of the present research with the latest previous
measurement is remarkably good considering that different samples

and methods of analysis were used.
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I. INTRODUCTION

Detailed analysis of optical spectra has provided the most impor-
tant means of arriving at an accurate description of the electronic
structure of free atoms and molecules. Until recently the use of fun-
damental optical spectra to study the electronic structure of the solid
state had been thwarted by (a) lack of suitable spectra for analysis,
and (b) lack of a guiding theoretical scheme for interpretation of the
spectra.

For insulating materiels the electronic states within 1 eV of the
valence band maximum or conduction band minimum (band edges) may be
called infrared states in contrast to ultraviolet states which refer
to those states within 1 to 10 eV of the band edges. Until 1959 most
experimental studies were confined to the infrared states using infrared
absorption, de Haas-van Alphen or cyclotron resonance techniques. These
experiments give the electron effective mass which in turn gives infor-
mation about the shape of the band edges. From a theoretical point of
view this was unsatisfactory as band calculations give all the elec-
tronic states over as much as 30 eV from the edges.

Philipp and Taftl were the first to extend the measurements over
a broader range of energy. They examined the ultraviolet spectra of
Ge and Si crystals, whose infrared states had been extensively studied,
by making reflection measurements over the range from 1 to 10 eV.

Using the Kramers-Kronig relations they derived € and €5 the com-

ponents of the complex dielectric function, over the same energy range.



Phillips2 realized that if the interband oscillator strength
occurring in the theoretical expression for €5 varies smoothly with
§>then the structure in €0 is due to singularities in the electronic
joint density of states function. By examining the theoretical energy
bands he introduced the concept of critical points in the joint den-
sity of states as the source of singularities and hence structure in

€ This concept, which is now well accepted, provides the necessary

%
framework for interpretation of the electronic spectra of solids.

Most electron energy band calculations are based on the Bloch
model of a solid which assumes electrons moving independently through
a periodic potential. This model has been our most useful theoretical
tool, but, in fact, electrons are not independent and in many cases
their interactions camnot be neglected. Many-body problems are inher-
ently difficult theoretically and their effect is generally treated as
a perturbation of the Bloch model. Various theoretical approximations
are in use today and experiments are crucial in determining which
approximations are valid. Reliable experiments are also important
because the most accurate band calculations using the Bloch model rely
on making a parametric f£it with experimental data.

In this research the optical constants of diamond, in the energy
range from 5.5 - 11.5 eV at liquid nitrogen temperature and from 5.5 -
31 eV at room temperature, were obtained by reflectance measurements

using the Kramers-Kronig analysis. The results were interpreted in

terms of recent band structure calculations.



The extensive work done on silicon and germanium makes the study
of diamond a logical step, as carbon is the first element in the same
column as Ge and Si. Bince the diamond crystal structure and covalent
bonding is common to all three materials, interpretation of spectral
results on diamond can rely heavily on the information obtained for
Ge and Si.

Diamond is of especial theoretical interest bacause of all the
covalent materials it should have the simplest and most basic struc-
ture. In addition, the accuracy of band calculations, affected by the
uncertainty in the atomic electron core potential, should be greatest
for diamond whose core contains only the completed ls shell.

The present work differs from earlier efforts in several respects.
Both low temperature and room temperature measurements were extended
to higher photon energy. This extension is significant because of the
controversy existing over possible structure occurring in these regions.
In addition considerable care was taken to ensure cleanliness of the
sample surface during low temperature measurements. This was accom-
plished by evacuating the reflectometer separately from the monochro-
mator using a Vacion pumping system thus avoiding likely contamination
of the crystal surface by diffusion pump oil. By using improved reso-
lution a higher density of data points was obtained than in previous
work thus giving more reliable information about fine structure in

reflectance.



II. REVIEW OF PREVIOUS RESEARCH ON DIAMOND
A. GENERAL PROPERTIES

X-ray diffraction has shown the crystal structure of diamond to
be cubic. The structure can be considered as two interpenetrating
fce crystals with origins at (0,0,0) and (%,%,%). The lattic con-
stant or cube edge is 3.57 Z and the nearest neighbor separation is
1.54 R. The electronic configuration of the carbon atom is 1s22s22p2
and in the crystal the inner core K electrons remain relatively un-
disturbed while the four L electrons pair up with nearest neighbor
electrons to form tetrahedrally oriented covalent bonds.

In 1934 Robertson et a..'l..3’)+ reported marked differences in the
optical and photoconductive properties of various diamond specimens.
They classified diamonds into Type I or Type II according to their
different ultraviolet and infrared absorption properties. The rarer
Type II diamond (approximately 5% of those occurring naturally) has
infrared absorption bands between 3 and 6 y and a sharp absorption
edge near 2250 Z. For Type I diamonds the absorption edge occurs
near 3000 X and additional infrared absorption bands exist. The Type
II diamonds can be further subdivided into Types IIa and IIb where
those classified as Type IIb were found to have a pronounced electrical
conductivity and showed phosphorescence when illuminated by ultraviolet
radiation.

20

Kaiser and Bond5 found nitrogen concentrations as high as 4 x 10

nitrogen atoms per cm3 in diamonds of Type I. Density measurements



indicated that the nitrogen occupies a substitutional position in the
diamond lattice. Kaiser and Bond quantitatively showed that the ni-
trogen content could be correlated with the Type I characteristics;
namely, additional infrared absorption near 8u, the ultraviolet ab-
sorption above 2250 K, and the larger lattice constant. Other im-
purities are present but not in sufficient concentration to account
for the optical or electrical properties characteristic of Type I
diamonds.

The sharp rise in the ultraviolet absorption of Type II diamonds
at 2250 A (5.6 eV) is considered as the true absorption edge of pure
diamond. The shift in absorption to longer wavelengths is proportional
to the nitrogen concentration and thus the absorption of Type I dia-
monds for )\ > 2250 X ﬁust be considered as an extrinsic tail on the

true intrinsic absorption edge of diamond.
B. ELECTRONIC STATE CALCULATIONS

The first energy band calculation of diamond was done by Herman6
in 1954, using the method of orthogonalized plane waves first proposed
T

by Herring. He found the maximum in the valence band to be at the
center of the Brillouin zone or T point while the minimum in the con-
duction band was not at I but part way along the [1,0,0] direction.
Kleinman and Phillip58 showed that Herman's results were nearly
self consistent. By an alternate calculation procedure using an

"effective potential" they found results in close agreement with those

of Herman.



6

In 1962 Redei9 calculated the conduction band in diamond by ex-
panding its eigenfunctions in terms of plane waves made orthogonal to
the 1s band (OPW method) and the valence band. The minimum in the con-
duction band was found to be about halfway along the [1,0,0] direction.

In order to confirm the OFW band calculations by an alternate
method Cohan, Pugh, and Tredgoldlo worked out the valence and con-
duction bands in diamond by a tight-binding procedure. The general
shape of the bands from this tight-binding method agreed with the OFW
calculations but the width of the valence band, 52 eV, and the energy
gap, 9.8 eV, were too large in comparison with experiment. These
workers found both the top of the valence band and the bottom of the
conduction band located at the center of the zone contrary to previous
calculations.

Recently (1966) Saslow, Bergstresser and Cohen™t (SBC) using an
Empirical Pseudopotential Method made yet another band calculation.
This method uses experimental results to calculate the bands. For ex-
ample in diamond the experimentally determined lattice constant of
3.57 K, the conduction band minimum of 5.48 eV at (0.77,0,0) and the
12.9 eV separation of Xh - Xl were used. Several critical points were
found in the neighborhood of T.

In a paper presented at the International Conference on the
Physics of Semiconductors, Herman12 and others presented a new band
structure obtained by adding small empirical corrections to a first

principles calculation. The theoretical model was adjusted to give the

experimental indirect gap of T

pgr * By = 5.7 eV.



For reference purposes and further discussion in following chap-
ters the most recent band calculations are presented in Figure 1 which

shows a comparison of Herman's work with that of SEC.
C. INTRINSIC OPTICAL PROPERTIES AND ELECTRONIC STRUCTURE

The extensive literature dealing with the infrared and visible
optical properties of diamond has been summarized in a monogreph' by, -
Champion.l3 Although these studies are useful in understanding many
impurity sensitive phenomena they have not shed much light on the
fundamental problem of the electronic structure of diamond.

The first optical study of the intrinsic diamond spectrum was
that of Philipp and Taft.lh' They determined the optical constants and,

in particular, €, in the range 5.5 to 23 eV by Kramers-Kronig analysis

2

of room temperature normal incidence reflectance data. Structure in

€, near T and 12 eV was observed and by consideration of band shape and

similarity of features to that of Si which had been rather completely
interpreted, and T and 12 eV peaks were analogously associated with dir-
5t +T 15 at the center of the Brillouin zone and

= 27 .
X, * X, at k= = (100) respectively.

ect transitions 1’2

A later study in 1963 by Walker and Osa,ntowski15 of the absolute
reflectance spectrum of a Type 11 specimen at room temperature from b
to 30 eV showed structure in €y near T, 12, 16, 20 and 2k eV. The T
and 12 eV peaks were given the same interpretation as that of Philipp
and Tat.'> The new high energy structure near 16, 20, and 24 eV was

—
assigned to transitions near the L point k = (111) of the Brillouin zone.
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The existence of the new structure which was not seen by Philipp and
Taftlh was explained as possibly originating from the increased purity
of the sample used by Walker and Osantowski.15
Clark, Dean and Harrisl6 (CDH) in 1963 performed extensive trans-
mission studies on the indirect intrinsic absorption edge in diamond
and also recorded the reflection spectrum between 5 and 14 eV at room
temperature and between 5 and 8 eV at 133°K. They observed peaks at
T and 12.5 eV and an additional weaker peak at 9 eV. At the lower
temperature they observed the T eV peak to be sharper and more intense
and shifted slightly to a higher energy as compared to the room temper-
ature results. In addition, the reflectance at low temperature was
observed to drop below the room temperature result beyond T.5 eV. The
9 eV peak was assumed to arise from threshold transitions at the L
point. According to CDH the temperature dependence of the T eV peak
was

dE (direct) L
8

= -6.3% 1.8 x 10" eV/degK. (1)

aT
Philipp and Taftl7 remeasured diamond and obtained a new reflect-
ance curve which differed only slightly from their previous measurement.
They did, however, observe structure near 24 eV not resolved earlier.
A reanalysis of Walker and Osantowski‘sl5 data by FPhilipp and 'I‘aftl7
found some inconsistencies in their results indicating that the experi-

mental reflectance values were too low, at least for energies greater

than 16 eV.
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The previously mentioned changes in the 7 eV peak at low tempera-
ture seen by CDH were interpreted by Phillipsl8 as due to a hybrid
exciton at the r point. Consistent with this view he considered the
drop in low temperature reflectance as the start of an antiresonance
and assumed the low temperature curve would display a minimum and re-
join the room temperature value near 8.3 eV. On this basis he placed

the direct interband edge T at 8.7 eV rather than near T eV

r
25t ~ '15
as proposed by previous work,

19 suggested

Recently a theoretical discussion by Duke and Segall
the nonexistence of hyperbolic excitons. Since the hybrid exciton
model proposed for the T eV peak in diamond by Phillips uses the hyper-
bolic exciton as & basis, this new result casts doubt on Phillips'
interpretation.

In reply to Duke and Segalllg, Hermansonzo has reaffirmed the
existence of hyperbolic excitons. Thus at this time the existence of
hyperbolic excitons is still an open question.

Correlation of experimentally determined optical spectra of solids
with the theoretical calculations is obtained by means of the optical
constants. Only recently2 has there been a theoretical interpretation
available for explaining the optical constants associated with ultra-
violet electronic states in solids.

The optical constants of a solid are defined by the electro-
magnetic field equations in the following way. The wave equation for
the electric field in a conducting medium in MKS units is

2> 3B 2°E

VE -op = -eu —x = 0, (2)
at . 2
at
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When the conductivity is zero (0 = 0) the familiar plane wave solution

in terms of the index of refraction n can be written

AN N s (RS _
T = F e 1w(c t) (3)

o
where n? = eu. This solution represents a wave traveling in the z dir-
ection with velocity v = c/n. The case of finite conductivity (o # 0)
suggests a solution of similar form

Nz

S - s 0 (22 _ L

3 B o tw(G-t) (&)

e
(o]

which is a solution if

N° = ep + 19
[\]

. (5)

N is the complex index of refraction and defined by
N = n + ik (6)

where k is the extinction coefficient. Thus Eq. L can'be written

- . nz
E = Eoeiw(c - t) e--u%z— (7)

which represents a damped traveling wave. A complex dielectric re-

sponse function ; can also be defined

~

= iop _ . 8
€ ew + =k e, tice, (8)
from which
12 2 2 . -
= (n°-%") + i2nk = ¢ = ¢ + 1ie€,.. (9)

1 2

It then follows by equating real and imaginary parts that

€& = o -k (10)

€
2 = 2nk.
From a theoretical point of view €5 is the most important parameter.
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In order to obtain the optical constants (n,k) in terms of re-
flection measurements, consider a monochromatic plane wave (E,H) inci-
dent upon the interface between a vacuum and an absorbing medium giving
rise to reflected (E',H") and refracted (E",H") waves. The absorbing

medium is assumed to be both homogeneous and isotropic. This situation

is shown in Figure 2.

6 Ell R H"

S E',H'
Y Y

E,H

Fig. 2. Electromagnetic field relations at the interface
of two media.

For normal incidence, which is pertinent to this research, the
angles y and § are zero and the direction of the electric and magnetic

vectors is meaningless. Using two of Maxwell's equations

S
= _ 3B
VXE = - -3? (ll)

>
VXH = - J + <7




13

>
and the boundary conditions that the tangential components of E and

S -
H are continuous, the ratio r of the reflected to incident amplitude
.21
is
' 03 - ~
E__ = n + ik 1 = r (12)
E n+ ik + 1

with a similar result for H'/H.
The relfected power or reflectance R is

~n 5
R = rr*¥ = r r

|zl (13)

>

The complex reflection amplitude r can be written

: n+ ik -1 _ ie  _ -
r o= ier1 - T = r(cos 8 + i sin 6) (1)

where 6 is the angle of phase change between the incident and reflected
electric field amplitudes. Equating the real and imaginary parts give

two simultaneous equations

ksing + (n+ 1) cos @ n-1 (15)

]
£
H

kecose - (n+ 1) sin e
The four inter-related parameters (r, 8, n, k) imply that knowledge
of sny two determines the remaining pair, for example

1l - r2

n =
1+ r2

- 2r cos ¢ (16)

x = =-er sin @
1+ r2 - 2r cos 8

From Eq. 10, €, and ¢, can be determined in terms of (r,0). The ex-

1 2

pression for €5 is

. - hr(1 - r©) sin 8
2 7 T(1L+ 12 -2rcos g)

(17)




1k

Since r can be found from a reflectance experiment (r = Jpﬁ—',

where R is the measured reflectance), the evaluation of n, K, €17 and
5 depend on a determination of the phase angle 6.

The electronic states of a solid on the one-electron band model
are usually depicted by an energy (E) versus crystal momentum C;) dia-
gram for various directions inuﬁ-space. On these diagrams we can also
indicate the basic electronic excitations, e.g., direct and indirect
transitions and excitons. For direct or vertical transitions the final
electronic state—lt value is the same as that of the initial state in
contrast to indirect transitions where the initial and final electron

X
state k values are different. According to the Bloch model of solids

3§:is conserved and thus indirect transitions involve interactions with
other excitations such as phonons.

It is possible to distinguish experimentally between these ele-
mentary excitations, e.g., the absorption coefficient for direct tran-
sitions is of the order of 105 to 106 cm"l while that for indirect
transitions is of the order of 103 cm-l. Similarly the temperature
dependence of excitons differs from that of both direct and indirect
transitions.

The theoretical expression for 32,22 for direct transitions where

lifetime broadening has been neglected, is

. (18)

22
_ eh 1 i) (k)
eplw) = 3 gj 2 J By TVE; ] a5y
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where E = Jiw and the integral is over a surface of constant energy,
= S

Eij(k) = Ej(k) - Ei(ﬁv. In this expression @ is the volume of the

first Brillouin zone, the letters i and j denote valence and conduc-

tion band states respectively and fij is the electronic oscillator

strength. The density of states having the energy differences Eij is

proportional to

aN . s,

aE, 5 Vi(Ey - EJ 4

We see that the line shape of ¢, is determined primarily by fij and

2

Vk Eij' Phillips22 has shown that for ionic crystals where the elec-
trons are tightly bound the oscillator strength, fij’ is approximately

constant throughout the Brillouin zone and thus V . determines the

k EiJ
line shape for these materials. For normal metals where the electrons
are more nearly free the situation is much different and the variations
in fij become quite important. To the extent that arguments based on
a tight binding model can be applied to covalent materials such as
diamond we will assume that the structure in €5 for diamond is deter-
mined by Vk Eij' Thus we consider bands i and j for which fij is
nearly constant throughout the Brillouin zone and replace fij by f;;.

With this approximation €5 is proportional to the interband density of

states given by

as
a_ g'lf _k (20)
dE. .
1J
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The behavior of 62(w) or W
- iJ
k space called critical points for which

is singular at those points in

vkEij(‘Q) - vm &) - vE & = o (21)

This can occur at various points on the surface fw = E, - E_.

J i
23 was the first to point out the significance of such

Van Hove
critical points. Phillipszu has shown that the number of such points
can be restricted by considerations of symmetry and connectivity.

Phillips22 also distinguishes between symmetry interband points

(sei.p.) for which
N
(s.i.p.) vkEJ(i?) = VkEi(k) =0 (22)
and general interbend points (g.i.p.),

The s.i.p.'s occur only at points of high symmetry in the Brillouin zone
such as'i = O whereas the g.i.p.'s may occur on symmetry lines, planes
or general points; i.e., whenever the slopes are equal.

The analytical behavior of the joint density of states function near
a critical point may be obtained by a Taylor series expansion of

-
Ej (‘1?5 - E; (_kL ) about the critical point k .

By %) - B, () = Hug () + [y Oy - gy ) (24)

1 oi
When all the coefficients a, are positive (negative) we have a minimum
(maximum) in the interband joint density of states and this situation

is denoted M.o (M3). Mixed signs of the ai correspond to saddle points

and are denoted M1 and Mé. When the above expression is substituted
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into the expression for the interband joint density of states relation

we find; e.g., near an Ml singularity

danN

—

dw

1/2

Cl-02 (wo-w) W

A

w
(o]

(25)

C w > w

1 o

where Cl and C2 are constants. The general shape of an Mb edge as
well as the other types is shown in Figure 2(a), (b), (c), (d). as
Phillips22 points out "the most important qualitative aspect of Van
Hove singularities is that a simple singularity does not produce a
peak but only an edge. To obtain a narrow plateau or "peak'", M, and
M, singularities must be almost degenerate." This condition for a
peak is indicated in Figure 2(e).

The preceding discussion indicates why the structure in €5 is
important. A shoulder has a different theoretical interpretation than
a peak and thus accurate experimental results are necessary.

Consider how this general interpretation of optical constants in
terms of the density of states and critical points applies to diamond
in particular. The crystal structure and first Brillouin zone of dia-
mond are shown in Figure 4. This structure corresponds to two inter-
penetrating face centered cubic lattices while the lst zone is a
truncated octahedron. The principal lines and points of symmetry are
indicated; e.g., I denotes the center of the zone and L the midpoint
of the hexagonal face.

In the preceding section we indicated that at points of high

symmetry such as ', X and L, the gradients of the energy functions for
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9

[0 / \’Z

BRILLOUIN ZONE

Fig. 4. The crystal structure and first Brillouin zone of diamond.
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the conduction and valence bands vanish, thus giving rise to singu-
larities in the joint density of states function. Since e 5 is pro-
portional to the joint density of states function we expect to see
structure in 52 corresponding to these singularities.

Figure 1 compares two recent band calculations for diamond. Some
of the points and lines of high symmetry corresponding to those of the
Brillouin zone are indicated. By a brief perusal of the band structure

we might expect to find structure in€_ atT, X, L since the conditions

2
for singularities in the joint density of states exists at these
points.

From Figure 1 we see that the indirect edge or onset of indirect
transitions occur from r25 -+ Al where Al is a point about three quarters
along the [1,0,0] direction. This transition corresponds to an energy
of 5.47 eV as determined by Dean et axl.25

The direct edge or onset of direct transitions occurs from
I‘25 > 1‘15, .

between the two calculations.

This corresponds to an energy near T eV with some variation

In the chapter on Results and Discussion we will consider detailed

interpretation of this and other points.




21
ITI. EXPERIMENTAL DETAILS

Absolute reflection spectra at near normal incidence were obtained
in the present research in the ramge 5.5 - 31 eV at both 300 and 77°K
with a system composed of a McPherson 225 monochramator, various ultra-
violet sources, a specially constructed low temperature reflectometer
and associated recording equipment. A schematic view of the optical
system is shown in Figure 5.

A McPherson Model 225 one meter normal incidence scanning mono-
chramator was used with a 1200 line/mm grating blazed at 1500 z.giving
a first order dispersion of 8.3 K/mm. The grating was magnesium
fluoride coated to increase its efficiency in the vacuum ultraviolet.
The monochromator was evacuated by an oil diffusion pump and as an
independent unit could maintain a vacuum slightly better than 1 x 10-6
torr. The wavelengths of the source lines could be read directly from
a mechanical counter to an accuracy of 1 Angstram.

For the work above 1100 X a hydrogen glow discharge was used.

Figure 6 (a) shows a photograph of the lamp. The main body or electrodes
of the light source was made entirely of copper and brass. An earlier
model of the source was made of alumipum but it was found that the
cooling tap water, filtered through a water softener, reacted with

the aluminum and caused white deposits to build up rapidly. No short
term deposit problem was apparent with the brass and copper construc-

tion. As indicated in Figure 6 (a) both the anode and cathode were

cooled by circulating cold water.
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Boron nitride was used to contain the discharge in a one-eighth
inch diameter capillary. O-ring finishes and cooling fins were easily
machined in the boron nitride. A fan provides additional cooling for
the source by blowing cool air through the finned surfaces. The boron
nitride electrically separated the anode from the cathode and insulated
screws mechanically coupled these electrodes in position. A copper-
tungsten alloy was used on the tip of the cathode because of the low
high voltage sputtering quality of this material. A small hole in the
tip allowed visual inspection of the discharge through a window on the
rear of the cathode.

This source was powered by a Kepco Model HB 2050 power supply
capable of 2000 volts at 500 milliamps. This supply was voltage re-
gulated. However, it was found that a current regulated supply would
be more desirable for maintaining constant line intensities. A load
resistor between the power supply and the lamp prevented avalanching
of the source current.

The gas discharge was stable over a large range of gas pressure
but normal operating conditions using 300 micron entrance and exit

> torr in the

slits showed a source pressure of 10 microns with 4 x 10~
main chamber of the monochromator. For these conditions the power
supply was operated at 1400 volts and 400 milliamps, 500 volts of which
were dropped across the lamp giving 250 watts of power dissipated in
the source.

o]
Below 1100 A, argon gas was used in the lamp shown in Figure 6 (b).

This lamp was similar to the hydrogen lamp but modified by replacing the
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insulating screws holding the electrodes together by electrodes which
independently gripped the boron nitride. This change was necessary
because of the higher voltages involved in this discharge.

The lamp was excited by a pulsed power supply made from a modified
thyratron tube testing unit giving approximately 4O pulses per second
to the light source during normal operation. A simple diagram of the
high voltage pulse power supply is shown in Figure 7. Excited in
this menner, a useful line spectrum was obtained extending from Lyman a
(1216 X) down to 350 A.

Excitation of the light source occurs as follows. The 1200 volt

power supply charges capacitor C, through resistor Rl, coil L and the

1l
igniter-rod circuit. At the same time the main power supply charges
capacitor 02 through the resistors R2 and R3. When the thyratron

grid potential is adjusted by the triggering unit to permit conduc-

tion, the capacitor C, charge will pass through the thyratron and

1
igniter-rod circuits. The ignitron will conduct provided the ignitron
anode potential is sufficiently positive to maintain the discharge
voltage potential existing across C2 to the light source which in turn
will cause ionization of the gas and a subsequent capacitor discharge
through the lamp giving rise to radiation from multiple ionized atoms.
The current surge through the igniter-rod circuit will quickly dis-
charge the capacitor Cl’ the thyratron anode potential will fall below
that needed to maintain the arc in the thyratron, the thyratron igniter-

rod circuit current will fall to zero and the ignitron will fail to
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conduct thus quenching the light source. The capacitors Cl and 02
will then be recharged in time for the next cycle.

Using the hydrogen gas source, data points were obtained with
relative accuracy of 1% whereas with the argon source there was a 5%
scatter of points. Thus the high energy results between 13 and 19 eV
should be considered less reliable than results at lower or higher
energies.

The low temperature reflectometer was comnstructed of stainless
steel with viton O-rings seals where necessary. The reflectometer was
cylindrical in shape with four ports at right angles as shown in
Figure 8.

A leak valve for bringing the reflectometer chamber up to atmos-
pheric pressure was mounted on ome port. Through the same port the
thermocouple wires for monitoring the sample temperature were brought
out through a kovar seal and sealed with high vacuum epoxy to the feed
throughs. Inside the reflectometer a copper-constantan thermocouple
Junction was attached to the sample holder.

The top port contained the mechanism for positioning the sample
by rotation or up and down motion. Attached to this mechanism was the
sample holder itself which consisted of a one inch diameter stainless
steel tube approximately 16 inches long with a cylindrical copper block
welded on the bottom end. Figure 9 shows the details of the sample

" n

holder. Samples were mounted on a % x5 X 1" copper block with a

small amount of epoxy and the copper block was fastened with two Allen

head screws to a % slot in the sample holder. With the sample block
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in position in the sample holder it was then possible to cool or bake
the sample by putting either liquid nitrogen on a heating tape down
the stainless steel tube of the sample holder. The reflectometer and
sample holder were designed so that the face of the sample pivoted
around the tube axis upon rotation of the sample holder.

A stainless steel bellows was welded around the stainless steel
tube of the sample holder so that vertical motion could be transmitted
without breaking the vacuum seal. In the early stages of experimenta-
tion no bellows was used and vertical motion was obtained by sliding
the tube through a double teflon O-ring seal. The method was found to
be inadequate as vertical motion would introduce a small vacuum leak.
In the final design with bellows the double O-rings were utilized for
axial aligmment of the sample holder tube and provided no vacuum seal.

The vertical motion device was made fram aluminum using ball
bearing in the rotating parts. An externally threaded collar rigidly
clamped to the sample holder tube provided the vertical motion when a
larger internally threaded collar was turned. This outer collar was
fixed in vertical position but rotatable so that when turned the
action of the threads transfered vertical motion to the tube. This
mechanism in conjunction with the bellows gave approximately one inch
of vertical travel.

Rotary motion of the sample was accomplished in the following
manner. On the upper end of the bellows a flange was welded which in
turn was O-ring sealed to the reflectometer body and held in position

by three screws. The flange was slotted and allowed rotation of nearly
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90° with the screws in position. When it was desired to rotate the
sample the three screws were loosened and the sample holder rotated
by turning the flange. This operation could be performed with the
reflectometer under vacuum although rotation did cause slight air
leakage. The leakage did not cause any problem since it was not found
necessary to change the angle of rotation during the reflection run.
Instead the desired angle of rotation was selected and fixed prior to
initiation of the measurement.

The bottom port of the reflectometer contained a sodium salicylate
coated pyrex light pipe in the shape of a question mark which could be
rotated to monitor either the incident or reflected beam. An EMI 6256
photomultiplier tube was positioned at the bottom of the light pipe.
This tube has its peak efficiency near the peak of the fluorescence
from the sodium salicylate, namely LLOO X. The photamultiplier was
powered by a John Fluke, D.C. Power Supply and normelly operated at
1050 volts. Signal output from the photomultiplier was fed into a
Keithley Model 417 picoammeter. The output of the picoammeter which
ranged from O to 3 volts on all scales was then fed through a potentio-
meter network to a 10 millivolt Leeds & Northrup strip chart recorder.

The remaining reflectcmeter side port was used during low tempera-
ture measurements for evacuating the reflectometer separately from the
monochromator. For low temperature work a lithium fluoride window was
used as a vacuum seal between the monochromator and the reflectometer

systems. A Varian 15 liter/sec. Vacion-titanium sublimation pumping
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system attached to the port was able to maintain the reflectometer

chamber at a pressure of better than 1077

torr. This separate pumping
system guaranteed that the sample in the reflectometer was not exposed
to oll vapors from the diffusion pump of the monochromator. The
Vacion pump operates on a different principle than diffusion pumps,
namely the gas atoms in the reflectometer are ionized and then react
with the titanium surface in the pump forming stable campounds. Be-
cause sample surface is a severe problem in reflection measurements
obtaining & clean enviromment at low temperature involved & major
experimental effort. During room temperature measurements the port
was sealed off and the window between the reflectometer and monochro-
mator removed.

The back plate of the reflectometer was removable and had attached
to it a cylindrical copper reservoir with protruding fins. The copper
fins extended to surround the sample holder from the sides and bottom.
When the reservoir was filled with liquid nitrogen the fins served as
a cold shield to trap any condensable molecules remaining in the re-
flectometer which might have settled on the cold sample surface.

The low temperature experimental procedure is described below.
The room temperature procedure is the same except the sample is not
cooled and the window and Vacion pumping system are removed.

With the window in place the light scurce was first turned on to
stabilize before preparation of the sample was begun. A sample was
then mounted to the small copper block and given an acetone scrub and

methanol rinse to remove any possible oil contamination on the crystal
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surface. The evaporating methanol was visually observed to be sure
that drops of fluid not shaken off did not remain on that part of the
crystal to be illuminated by the incident beam. An additional apera-
ture was placed in the reflectameter to ensure that the area of the
incident beam striking the crystal was smaller than the crystal surface
area itself.

With the sample now ready for placement in the reflectometer, the
reflectometer chamber was quickly brought up to atmospheric pressure
and the back plate removed. A visual check was made to see if the hole
in one of the slots in the sample holder aligned with the exit slit
aperatures.

The sample mounting block was next inserted into the alternate
slot of the sample holder and secured by two screws. Then the sample
holder was rotated until it appeared that the sample surface was nearly
perpendicular to the direction of the incident beam. The light pipe
was turned into position for measuring the incident beam. After the
back plate of the reflectometer was replaced, the reflectometer was
evacuated by first rough pumping with a liquid nitrogen cooled sorption
pump and then further evacuated by the Vacion pump. Total time from
cleaning to a vacuum of about 10-6 torr was approximately 6 minutes.

As soon as the back plate was in place the photomultiplier high
voltage was applied in order to allow the dark current to reach a
steady value. Having previously adjusted the sample holder so that

the incident beam was coming through the open hole, the light pipe was
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adjusted to obtain a maximum signal. The sample holder was then ro-
tated until the decreasing effective area of the hole began to cut off
the beam reaching the light pipe with a resultant drop in signal. At
this point the sample holder was fixed in position by the three screws
holding it to the body of the reflectometer. For the particular hold
size used this angle of rotation was about 11° from normal incidence
vwhich was conveniently close enough to the assumption of normel inci-
dence used in the experimental interpretation. Using an angle larger
than 11° would bave resulted in relative instead of absolute reflection
data since part of the reference beam would have been lost. The small-
est limiting angle was about 1° off normal at which point the light
pipe when rotated to pick up the reflected beam would begin to inter-~
fere with the incident beam.

The sample was then moved into the incident beam by means of the
vertical motion device. Thirty complete turns of the screw mechanism
corresponded to the distance between the two sample holder hole centers.
The light pipe was then rotated into position for measuring the beam
reflected from the sample surface. This position was optimized by
observing the maximum signal from the photamultiplier. To insure that
the incident beam was entirely on the surface of the crystal the sample
holder was raised and lowered until the maximum signsl was obtained.

With the crystal now in the optimum position for measurement so
that no further rotation would be necessary the reflectometer and sample

were baked overnight at approximately 140°C. which helped to drive off
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any water vapor present. Baking temperatures higher than this were
avoided because of the epoxy and O-ring seals present. The sample
heating was accamplished by placing a heating tape in the stainless
steel tube of the sample holder. The sample temperature was monitored
and adjusted by varying the current through the heating tape.

After the overnight sample bake was completed the heating tapes
were removed and the light source turned on to stabilize while further
preparations were continued. When the reflectameter had cooled suf-
ficlently, liquid nitrogen was added to the rear flange reservoir
approximately thirty minutes before the sample itself was to be cooled.
This allowed any condenseble molecules not removed by baking to freeze
out on the large cold surface area of the reservoir rather than on the
cold sample surface.

While monitoring the reflected beam the sample was next cooled by
pouring liquid nitrogen down the stainless steel tube of the sample
holder. The copper block on the end of the tube was in thermal contact
with the sample mounting block itself and thus the sample was cooled
by conduction. If any conbinuous decrease in reflection was observed
after the sample was cooled it was taken as an indication of impuri-
ties building up on the cold sample surface. Such reflectance drop
was noticed at two stages of the experiment. Firstly, in the original
reflectometer design a sliding device having several interchangeable
windows with different transmission characteristics was used. An O-

ring was used to isolate this mechanism from the monochromator but
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still enough leskage, possidbly oil vapor, from the monochromator
caused a reflectance drop. Secondly, before the bellows was attached
to the sample holder vertical motion caused very small pressure in-
crease but qulte striking reflectance loss.

With the monitoring precaution observed and no reflectance de-
crease the reflection spectrum over the region of interest was then
taken. The sample was next moved out of the beam, the light pipe
rotated and a measurement of the incident beam intensity taken.
Another reflection measurement followed by an additional incident
measuremnent completed the run giving two separate measurements to

average.
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IV. DATA ANALYSIS
A. KRAMERS-KRONIG RELATIONS

When the absorption coefficient is extremely high, transmission
measurements can no longer be made to determine the optical properties
of..solids. Recently, attention has turned to reflection measurements
using Kramers-Kronig analysis for determination of these properties.
Reflection measurements at near normal incidence offer considerable
advantages over those made well away from normal incidence. These
advantages include simpler theoretical expressions and insensitivity
of most materials to polarization effects at small angles. At the
same time however the simpler expressions mean that we have only a |
single reflectance relation of the form R(n,k) and thus do not have
sufficient information to determine n, k independently. However
there is one more relationship which can be invoked through the
use of dispersion relations.

Dispersion relations in general express the interdependence of
the real and imaginary parts of complex functions satisfying certain
conditions. For example consider the complex function %(@) = Q(w) +

i P(y), the dispersion relation between P and Q is

@ w+w
1 o 49 (w)
P(wo) =7 [0 in w - dw duw. (26)

In optics it has been shown that such relations may be applied to the

complex refractice index, the complex dielectric function and the com-

plex reflection amplitude.
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The optical constant of theoretical interest is the imaginary
part of the complex dielectric response function. From the Fresnel
equations for normal incidence (reflectivity r = |;|, R = rr* = r2)
the imaginary part of the dielectric function can be written

hr(1 - r2) sin 8
- 2 2
(1 +r° -2 7r cos 0)

€

2 (27)

where 6 is the angle of phase change of the electric field upon reflec-
tion. The angle 6 can be determined from the reflectance spectrum by
an integral transformation or dispersion relation first employed by
Kramers and Kronig. This relation states that the phase angle 6 for
any frequency w_is given by

<0 w + wo
J 1n

W -

: o

o]

d 1n r(w)

o dw. (28)

A= O

e(wo) =

Thus, by determining o from a knowledge of R we can then obtain € in

o7
fact knowledge of r, s means we can determine €15 €55 N, and k since any
constant can be expressed in terms of any other two, i.e., n(r,8),
k(r,0), e (r,0), ey(r,0).

The difficulty in applying this relation is that the whole of the
electromagnetic spectrum contribues to the value of the angle at any
particular frequency wo.. First it is noticed from Eq. 28 that it is not
the reflectance spectrum but the derivative of its logarithm with re-
spect to frequency which contributes to the phase angle. Thus regions
in which the reflectance is changing slowly with frequency contribute

w+w

very little to the phase angle. The weighting function 1ln —
o

is largest near @ = 0 and decreases rapidly as the difference
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w - o increases. Thus while the phase angle 8§ evaluated at 0 de-~
pends on the entire frequency range, in fact only the frequency range
in the neighborhood of 0 contributes significantly. The contribution
from the low frequency side can be easily included by simple extra-
polation of the reflection data using known values of the index of re-
fraction in transparent regions. In general however the high freqﬁency
side is characterized by intense continuous absorption and no generally
applicable technique is available for determining the high frequency
contribution. The usual method has been to assume a somewhat arbitrary
smooth extrapolation of experimental data to very high frequencies.
Certain assumptions can be made about the behavior of reflectance at
very high frequencies but the most sensitive test of any technique is
that the phase angle must be zero in regions of no absorption.

An alternate way to treat the high energy contribution developed
by Roessler26 proceeds as follows. In practice the reflectance in some
finite region (a,b) is measured. The integral for the phase angle can

be written
a b 0

B(mo)
o a b (29)

= a(wo) + ¢(wo) + B(wo)

where the contribution ¢(mo) can be determined from the experimental

data. In the interval (O,a), w is always less than We since W, lies
wtw

in (a,b) and thus 4 14
dw R

is continuous and positive without
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change of sign in (0,a). We can thus apply the generalized mean value
theorem for integrals which states that if f(x) and g(x) are continuous

functions in ag x <b and if g(x) > O throughout this interval then

b b
j? £(x) g(x) ax = £(zg) I g(x) ax (30)
8 a

where a< ¢ <b. There is only one value of T for which this relation-

ship is true. For our situation then we have

a w +w
ol ) = - r(z) J a_ jnli_ ol 4y
(¢} 'n lo dw W - mo
a8+ w (31)
= A ln pa—
)
where A = - l_n%jﬁ, C lying in (0,a) and a similar expression for |
w
B(wo) |
b + wy
B(mo) = Bln r— (32)
(
vhere B = Mﬂl, n lying in (b,=).

n

If one assumes that A,B which are functions of {,n respectively, vary
only slowly with W (strictly speaking ¢ = ¢ (wo) ,N = n(mo)) then by
choosing two frequencies at which the material in question is known
to be transparent (implying 6 = 0), A and B can be determined. If for
example ¢ = 0 at p» = c,w = d then

a+ ¢

Aln [—r + ¢(c) + B 1ln —— = 0
(33)
a+d b+ 4 _
Aln [-—3| + ¢d) + Bln lb ~ dl = 0




W1

From these two simultaneous equations A and B may be determined

and hence e(mo) for all w_ using Eq. 28 and €, from Eq. 27. Any of the

2
1’ -Im‘% can also now be determined.

€
Iet us now consider further the assumption that A and B are nearly

other expressions such as n, k, e

independent of W, - Roessler26 has considered this problem by expressing
a(qo) in a more general form. This is accomplished by first integrating

Eq. 28 by parts to obtain

1 d wru
o) = -2 [ e & i o= (34)
(o] (o]
so that
alw ) = - = 1n T o in r(z) (35)
[} T wo-a
where O < § < g,
and a similar expression for B(wo)
Blu) = = 1n i 1n r(n) (36)
o b ~-uw

where b < n < =,
Now if the frequency dependence of n,z can be neglected then we can

find A, B and thus evaluate e(mo). Note first of all that a(wo) and
b+ w
B(wo) are weighed by sharply peaked functions, e.g., 1n E_:—Eg which
o

means only when 0 is close to b will we get a large contribution. The

expression for a(“b) can be integrated by parts and written as

w +t+ a
(o]

w - 8a
(o]

= _ 1
a(wo) = -=1n

n

iIn r(a)

(37)

[a }9[(wo + w)/(mo - )] d 1n r(w) dw
1nI(mo + a)/(wo - a)l dw
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which is exact and general. The expression in curly brackets corres-
ponds to ln r (%) and shows its functional dependence on W, We see
that there will not be a strong contribution to a(wo) unless 1n r (w)
changes rapidly in (0,a) and at the same time w_ is near a. Thus we
expect the bracketed term to be fairly constant except possibly near
w =a. A similar argument applies to B(wo). In summary then if
there is no strong structure outside (a,b) the assumption that A and B
are constants is valid. If structure does exist then we must be care-
ful of results obtained near a and b but elsewhere the results are
valid. Roessler applied quantitative checks to different materials

to show that the errors introduced by this method are much less than

the uncertainty in the original reflectance spectrum.
B. COMPUTER TECHNIQUE

The evaluation of the integral transform in the Kramers-Kronig
analysis is carried out by computer as follows. The reflectance R is
related to n, k and r (reflectivity) by the equations

(n - 1)% + x°

R = 5 5 R = r.r¥ (38)
(n+1)" +k
where r = | r | et |;| =y/R =7
~ _n+ik -1 -

and T =T < r(cosg + ising) (39)
or in terms of R, g we can write

_.1l-R

"1 +R-2VYR cosf
(ko)
K = 2 VR sind

“"1+R-2 VR cose.
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Recall that the complex index of refraction ﬁ and the complex dielectric

-~

constant ¢ are related by

N = n + ik
. . s 2 (41)
€ = & + ie, = MW = (n® - x7) + ionk.
Thus
El = n2 - k2
(42)
€2 = 2nk.

Hence, if we measure the reflectance R and determine the phase angle 6
through the Kramers-Kronig method to be described we can then obtain
all the optical constants of interest.

In order to apply the K-K analysis we consider the logarithm of
the reflectivity, a complex function as indicated in the last section
which has been shown to satisfy the requirements for dispersion

analysis to be valid
1n rA (w) = 1In r(w) + i0(w). (43)

Applying the dispersion relation to the real and imaginary parts of

this function we have

w+tw
Q

W -
o)

oloy) = = [ 1 Ao r(v) 4 (1)
Yo - n a0 w.

o

The physical measurement gives the reflectance in some interval (a,b)

as indicated schematically in Figure 10.
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Fig. 10. Typicel reflectance spectrum of a solid.

We can write the integral as the sum of three parts

a 1} o
—J+J+]=a+¢+8
o a b

where by using partial integration and the generalized mean value

e(wo)

theorem we have

1
a ==
ki
where A= 1
R
Similarly
1
B=3
B ==

& 3
J =2 {1n r(a) - 1n r(7))
o]
w <+ 8
= A 1n (=2
w, - 2

[1n r(a) - 1n r(g)]

i [1n r(n) - 1n r(b)]

a+uw
]

a - w
o

In

Ly

(45)

(46)

(47)
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As argued in the preceding section A and B are approximately independent
of w_ for diamond although as pointed out strictly speaking % = 14 (wo),
= ()
n= n W,
Choosing two frequencies (ml and w2) at which we know the crystal

is transparent (k = 0 + 8 = 0) then

+ a8 b +
Aln (20) + ow) + Bln G—) = O
wa + a b + w
Aln(r-_-_—a) + ¢(w2) + Bln(b_ m2)= 0
2 2
giving
¢2ln(b: ﬂi)' ¢lln(b) ub)
A Tn (e, w) I (5 oy - In (8, o) 18 (5, 0y)
¢, 1n (a, ml) - ¢; In (a, w2) (49)
B=14Ts, ag) 16 (5, @) - 1n (3, w;) 10 (5, o))
where

x +
in (x,y) = 1n ;—_—%

Now the values of Wy, Wy O are such that

a<(.l)1, w2, (.I)o<b




We need now to evaluate the measured contribution ¢.

avoid the singularity at w = w, we write

b w+wl
_ 1 of dlnr
¢lo,) = 3 J n 13 l W »
a o
= 1lim
w, = €
b
€+ o0
[
a
Consider the first portion of the integral
W - €
(o}
Ja vhere w < Wy
and let
w/m0 = x (<1)
then we can make a series expansion
w+w
1 ol _ 1 1+ xy 1 1
;ln -—'————w_wo TrZl.n(l_x)—,",2(1("’335
since [x| < 1.
. 2 1. 3,1 5
If we now define ¢(x) - "(x MR
then
3 5
a 2 X X
——'¢ = e - -y c s
x 320 (x) ﬂ(x t3 vt )
w+w
_ 1 l+x 1
=i (l - x) e

L6

In order to
(50)

X + ...) (51)
(52)
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W - €
w - € o) as
andthus%—]o =%I Xadlnr

a a
x _ 1 _ 1
butax——dg_—dlnw
[A]

Hence we can write this portion of the integral as

'wo- [
lim - W e~ £ ——ee
. fo) d 1l
i J - ! v a0 (x) 342X (53)
. a a_
[11]

' 0
Similarly consider the portion of the integral where w > W, let

w
-—9=x'(<l).
w
r W+ w
Then!'- 1n e d in r dw
m ®W - W dw
‘ o
[ ' '
=1 in l+x' dlnr=-]—' lnl+x, d lnr
L l-x w l-x
r (54)
=%— x,_ﬁiﬁ' dlnr
2 1
ax! w * dw
“’(_5)
W
© 1
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We can thus combine the two portions of the integral

W = €

o) w

w dlnr Q (55)
I o a olx) = - [’o“ . dln r
a/ dlnw mo d ox) d 1n o

w

o

w°+e
To obtain a single formula for alltno we proceed as follows. We note

that in the limit as w -+ mo, the function ¢ approaches %} i.e.,

3

lim 1i 2
P OO RN COS SO -4 (56)

We can thus ensure continuity of ¢(x) at ¢ = W, by defining a function

y(x) such that

P(x) = o{x) W<
(o)
= I w=w
b ° (57)
= %‘- o(x) w > .

We now have our integral in the form

(58)

o= ff(b) dlnr

e(a) T e dp(x).

It has been found that for small values of x we can take the first four
terms in the series as an accurate representation of our function but

for values of x near one a more rapidly converging series must be used.
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Bode30 has given the following functions which we will use with a
value of x - .41k taken as the transition between the two series
representations.
w<w
o
=2 1. 3,1 .5
¥(x) > (x+9x tE . )
0 < x < 0.1k (59)
3 13
T 1 2
=-E_;r-lnxlny--1;(y+¥—9-+ . .%5)
0.1k < x <1
_1l-x
where y = 1+ x
and define
W= w
(o}
ki
Y(x) = iy (60)
w > w,
3 13
T 2 X X
P(x) —'2—-;(2!*'9 + .. .1-6*9-)
0 < x < 0.41k
3 13
4 1 2
=E+;1nxlny_;(y+z-9—+..y]z-9-) (61)

0.414 < x < 1.
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For computer calculation we will approximate the integral by summing

over a number of finite changes.

b
Alnr
= d lnr i
— b = ——
Ia iine = lame 4w
1 1 (62)
ln r -~ lnr
i+l i
- (A v, -4 y,).
i 1n Wi 41 ln mi i+l i

The actual computer program is given in Appendix A.
In summary then we proceed as follows. We first measure the re-

flection at various frequencies

l w2 u)3 w,-l- wS---..--wN(GV)

R, B, 33 R, RS e e e e e e RN (%).

We calculate the phase angle 6 using the method indicated in the pre-

ceding discussion

0 ey v o, * By
mi+a
o, = A 1n (“i — a) i=1,...0N
(63)
b+wi
Bi=Bln( )
b-w

i
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where A,B are determined from setting g = O at the non-absorbing

frequencies wy and Wy From the computed phase angle 6 and the measured

reflectance R we can determine the optical constants

1 -R,
1
ni=
1 -2 VR, cos 6, + R,
i i i
2 VR, sin o,
k, = 1 =
1 1 -2VR, cos 6, + R, (6h)
1l 1 1
_ .2 2
€14 58 - Ky
€2i = 2 ni ki'

We are also interested in the negative imaginary part of the inverse

of the complex dielectric function

i (65)

which is related to the electron energy loss which occurs when low
energy electrons impinge upon a solid. This will be discussed more

fully in the section on results and discussion.
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V. RESULTS AND DISCUSSION

Normal incidence reflection measurements on polished Type I and
cleaved and polished Type IIa diamonds were made at liquid nitrogen
temperature over the range from 5.5 - 11 eV. Additional room tempera-
ture measurements were performed on all but the polished Type IIa
specimen from 5.5 - 31 eV. From the reflection deta the phase angle
of the reflectivity, the components of the complex index of refraction
and dielectric function, and the energy loss function were calculated

using Kramers-Kronig techniques. The resulting structure in e  and

2
~Im ; was then assigned according to existing energy band calculations.
3

‘Measurements on the three diamond samples were taken at near
normel incidence (llo) using a glass light pipe coated with sodium
salicylate, which could be rotated to monitor the incident and reflected
besms. Measurements were made on diamond surfaces both "as received"
and after an acetone-methanol rinse. In some cases a mild sample bake
(12 hours at 140°C) was carried out. In the low temperature region all
preparations gave essentially the same results, although this was not
true for the high energy room temperasture results. More details
concerning this point will be given later. All diamond samples were
supplied by Dr. F. A. Raal of the Diamond Research Laboratory, Crown
Mines, Johannesburg, South Africa.

Low temperature data averaged from three separate runs from 5.5 to
11.5 eV on a Type IIa cleaved sample are shown in Figure 11. The

features of interest for this region of the spectra are the appearance
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of a new 7.6 eV peak at low temperature and the: lack of structure be-
tween 8 -~ 9 eV. These same features were observed in all samples
tested, although the T eV peak appears only weakly in a polished Type
IIa sample. It is felt that the data obtained from the cleaved Type
ITa sample best represent intrinsic diamond properties in this region
because of its lower impurity content compared to other diamond types
and the general superiority of cleaved over polished surfaces in dis-
playing reflection fine structure. The 7.6 eV pesk at low temperature
was consistently seen in all specimens studied. The reflectance curve
from 5.5 to 11.5 eV was obtained from about 60 data points taken with
an average energy separation of 0.05 eV in the critical region of the
two peaks. The experimental scatter on any one run was within 1%. The
reflectance below 5.5 eV was calculated from existing index of refrac-
tion datal and matched the present low energy data extremely well. In
Figure 12 the low temperature reflectance data is compared in detail
with that of Clark, Dean and Herris'® (CDH).

The significant features of the low temperature data of CDH are
the large sharpening of the peak near T eV and the drop in reflectance
on the high energy side of the peak below that at room temperature. In
the present low temperature data only a slight sharpening of the T eV
peak was seen and in no instance was a drop in reflectance below that
at room temperature observed. In the initial stages of this work con-
siderable difficulty was experienced in keeping the surface clean at
low temperature. Before replacing a sliding seal between the reflecto-

meter and monochromator by a permanent window, considerable decrease
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in reflectance was observed with time after sample cooling. Similar
behavior may explain the decrease of reflectance observed by CDH who
used an oil diffusion pumped system. Phillips18 has interpreted the
data of CDH as due to a hybrid exéiton at the center of the Brillouin
zone. Consistent with this view he considered the drop in low tem-
perature reflectance as the start of an antiresonance and assumed the
low temperature curve would display a minimum and rejoin the room
temperature value near 8.3 eV. On the basis he placed this direct

interband edge T -+ at 8.7 eV. The lack of an antiresonance

25t > Ty

in the present data casts some doubt on the hybrid exciton interpretation.

Indeed the present datae seem more consistent with the earlier
interpretation which attributes the T eV structure to a near degeneracy
of MO and Mi critical points in the vicinity of the T point.l’15 With
this interpretation the 77°K data of Figure 12 places the MO edge cor-
responding to the direct r25' > rl5 transition at 7.2 eV. The weak
temperature dependence of the 7.2 eV peak; i.e., the lack of any ap-
preciable sharpening or energy shift of the peak with temperature,
would seem to indicate that an exciton is not responsible for this
structure. The fact that a peak rather than a shoulder is observed
can be explained if the joint density of states near r25, > r15 falls

off fairly rapidly for w > w,, where wy corresponds to the Ml edge.

“
The strong temperature dependence of the "new" T.6 eV peak suggests

two possible interpretations. One, that it is due to a near degeneracy

of Ml and M2 type edges. The recent band calculations of Saslow,

Bergstresser and Cohenll indicate that such a situation might occur




5T

near the center of the Brillouin zone along the [1,1,1] direction where
several critical points exist. Slight temperature shifts in the lat-
tice parameters may cause sufficient changes in the energy bands near
this region to introduce one or more strong transitions at T.6 eV.
Note however from Figure 1 that this interpretation does not seem likely
if one considers the latest calculation by Herman12 which does not show
complex structure near I'. Second, that it is an exciton at a point in
the Brillouin zone other than the T point. There do not, however,
appear to be any suiteble gaps in the calculations shown in Figure 1
of the necessary energy; i.e., of the order of 8 eV. This point to-
gether with the restriction that the direct gap must be less than T.5
eVll’27 in order to accommodate both the well established position of
the Ai minimum and the identification of the prominent 12.6 eV peak
with XL - Xl, give strong evidence against the second explansation.
The interpretation just given of the reflectance structure in
terms of direct transitions should really be given not from the re-
flectance curve but from the €s spectra. It will be seen, however,

that the peaks in €, do indeed occur very close in energy.to:corres- -.

2
ponding peaks in reflectance and the interpretation given is the same.
Additional high energy reflectance data at room temperature were
taken for the polished Type I and the cleaved Type 1Ia diamond specimens.
These results combined with those just discussed and previous index of

refraction data in the transparent region give a total reflection curve

from 1 - 31 eV shown in Figures 13 and 14. Because the room temperature
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reflectance matched that at low temperatures for the region fr@ 78 &

p—

to the lithium fluoride window cutoff at 11.5 eV it wag assumeg that

the unmeeasured low temperature reflectance would a.lso.f : o e a8

the measured room temperature results from 11.5 to 31BV. g;ti
Debye temperature of diamond (“2000°K) supports this g
ture insensitivity of the high energy structure. ) the prefnt %

apparatus it was not possible to extend the low t
beyond 11.5 eV since this would require windowles

impurities streaming iato the reflectometer from iL

not intrinsic to diamond.
From the reflectance curves the phase angle was calculated uslng
the mebhod previoualy described. A total of 85 reflectance values were

used in the compuber program to apprroximate the reflectance curve-by

a series of short line segments. The density of points chosen wes
highest in the regions of structure where rapid changes required much
shorter line segments in order to better represent the reflectance
curves. The actual data points used and the results of the computer
calculation for the phase angles of both diamond samples are given in
Appendix B.

Once the phase angle was known the other optical constants could

be calculated. Figures 15 and 16 show the results for €5 € and ~IM -]é

€
for the two types of diamond. Calculated results for these Quantities

as well as n and k are also given in Appendix B.
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Figure 15 shows the spectrum for € which is closely related to
the joint density of states function. By analogy with silicon the

l-*r

lowest energy direct interband transition is expected to be I‘25

and the T.3 eV peek in €5 is assigned to this transition. Note that

15

this peak has been shifted by the integral transform from 7.2 eV in

reflectance to T.3 eV in ¢, while the peak at 7.6 eV in reflectance

2
has shifted to 7.8 eV. The interpretation of this peak remains the
same as gilven above.

The structure observed by Clark et al.16 and Roessler26 near 9
eV did not appear in the present data. This result is in agreement
with Philipp and Taf’(:]"’l7 and a previous measurement in this laboratory
by Walker and Osantowski.ls

The general shape of €, for diamond, Ge and Si is quite similar

2
in appearance in that the spectrum of each material is dominated by a
single large peak. In Ge and Si the energy band gap Xh > Xl was deter-
mined by comparing band theory results with reflectivity data. This
gap is insensitive to the potential assumed in the band calculation.

By an examination of the energy band contour near a critical point the
class of edge may be determined. The edge associated with the (Xu - Xl)
critical point is of the Ml class. Brust27 has shown for Ge and Si that
along the Z axis there occurs another critical point which belongs to
the M2 class. He thus explains the dominant peak in the € spectrum

of Ge and Si as resulting from two nearly degenerate critical points

corresponding to (X,_l_ - Xl) and (zh - Zl) We make & similar assignment
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for the large peak in diamond at 12.2 eV as arising from nearly de-
generate critical points (Xh - Xl) and (22 - 23) shown in Figure 1.

In the present study no definite sharp structure was observed
near 16 eV either in reflectance or in €,. However most of the line
intensities between 13 and 19 eV were rather unstable and it is pos~
sible that such structure does exist within the experimental uncertainty
of 5% obtained in this region. It is noted however that the value of
€5 in the high energy tail of the 12.2 eV peak indicates that a number
of transitions are taking place. If one examines the energy band
structure calculated by Herman near the X point it is observed that
the separation Xl -+ Xl is near 16 eV and the bands running out from
this point along the Z axis run parallel for a considerable distance
which could account for the slow drop off of € near 16 eV.

There is evidence for structure near 23 eV as a small but definite
maximm wes observed in reflectance and also in €ne This energy cor-

1 1
calculated by Herman which occur near 23 and 24 eV respectively. The

respouds fairly well with the energy difference L. Ll or L, »* L3

symmetry elements at L include inversion which implies that the ini-
tial and final states must have opposite parity. This means that
these transition are not allowed. However, it may be for‘l? values
slightly away from L, where the symmetry operations do not include
inversion, there are a sufficient number of states available of the
correct energy to explain the maximum in 52. The only other band
energy separation in the neighborhood of 23 eV appearing in Herman's

work is zl > 21 which is sbout halfway along X + T.




65

If one considers the SBC calculation we again find that Ll > Ll
is separated by 23 eV but Ll -+ L3 is more nearly 25 eV. Another pos-
sibility however does exist nsmely Xl > )L_L which is near 24 eV.

For an alternative explanation of the 23 eV peak consider the
following. Since the ls core electrons are tightly bound, it is
reasonasble to assume that all of the optical structure observed in
this study is due to valence electrons. For energies of a few tens of
electron volts the valence electrons are nearly free and we can thus

look for energy losses corresponding to plasma resonance. The plasma

frequency Wy can be estimated using the free electron formula

2.2
w = (.ltlf_l_e_)ﬁ (66)
p i
where n 1s the appropriate density of electrons. For diamond )iwp = 31 eV
vwhen & density of four free electrons per atom is used. Figure 15 shows

a peak in the energy loss function —Im% nesxr 30 eV in good agreement

with the free electron formula. Whe’ctz:n29 has carried out electron
energy loss measurements for diamond and found a dominant peak near 31
eV again in good agreement with the present results. It is important

to note that Whetten obtained the peak at different energies depending
on various surface treatment. When his system had been baked overnight
with no special cleaning of the diamond surface the dominant energy loss
is near 23 eV with the 31 eV loss being less prominent. However when
hydrogen was admitted to the system and the diamoni heated to 700°C for
20 minutes the sample after cooling then gave the dominant loss at 31
eV with the 23 eV peak much reduced. It may well be that the small peak

in & at 23 eV is due to a small amount of surface ‘contamination.
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17

It is also important to note that whereas Philipp and Taft™ chose

an extrapolation which would give a prominent peak in -Im% neaxr 31 eV,
in the method used in this work the 30 eV peak comes out :s a matter of
course with no extrepolation of date outside the measured range.

The new results on the Type I sample agree very well with that of
Philipp and Taft. This is the first time that good quantitative agree-~
ment has been obtained between different cobservers measuring the same

type of diamond. Comparing the plots for €, and €, of Figure 16 with

1
the results of Philipp and Taft one observes that the only real 4if-

ferences arise near the T eV structure in € The doublet structure

0"
obtained in the present low temperature measurement at 7.3 and 7.8 ev
is seen only as a shoulder in the work of Philipp end Taft. When the
Type Ila results are compared with those of Type I one again observes
general overall sgreement but smaller peak values of €y and ey Occur
in the Type IIa specimen. The differences in the two types of diamond
could be due to imperfect cleavage of the Type Ila crystal or the
higher impurity content in the Type I specimen.

In concluding this section mention should be made of the large
quantitative differences between previous reflection measurements on
diamond. For example, the maximum of the 12 eV peak was observed to
be as high as 6547 and as lov as 45%.2° A likely explanetion of this
difference is indicated by the following observation recorded in the
present work. The values of reflectance on the Type 1 sample shown in

Figure 14 were obtained after an overnight bake followed by an immediate

reflection measurement. The sample was quickly cooled to room temperature
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by pouring small amounts of liquid nitrogen down the sample holder
tube and monitoring the sample temperature. Measurements taken
shortly after an acetone scrub and methanol rinse of the crystal
showed & smaller reflectance than when baked. When the sample wes
left overnight in the reflectometer after rinsing but without bake,
reflection values were even lower. The region of flatness from 15
to 19 eV veried from a value of 55% reflectance for the baked treat-
ment to 48% for the rinsed crystal to 32% for the semple left over-
night. It is thus clear that surface preparation is very critical
Tor reflection measurements and can account for much of the previous
discrepancy. Diffusion pump 0il vapor is the most likely source of

this contamination during windowless operation.



VI. SUMMARY AND CONCLUSION

Reflection measurements at both room and liquid nitrogen tempera-
tures have been taken on a polished Type I and both cleaved and pol-
ished Type IIa dismond crystals in the range from 5.5 to 11.5 eV. A
Vaclion pumping system was used in the low temperature work to eliminate
oil contamination of the crystal surface. Additional room temperature
measurements up to 31 eV were made on the polished Type I and cleaved
Type Ila crystals.

Using the reflection results the Kramers-Kronlg analysis technique
was applied to determine the phase angle of the reflectivity. The
other optical constants of interest such as n, k, €19 €os -Im% were
then calculated. Structure in e, and e, occurring at 7.3, 7.8, 12.2
and 23 eV was observed and assigned to various direct interband transi-
tions according to the available band calculations. The new pesk at
7.8 eV was interpreted as due to a possible shifting of the complex
energy band structure near the r point or as due to an exciton some-
where else in the Brillouin Zzone.

It is felt that while this work represents a distinct advance over
previous studies it does not represent the definitive study of diamond.
Because of the problems with unstable light sources there still exists
the possibility of fine structure which could yet be resolved. The new
T.8 eV peak presents serious theoretical problems and a careful examina-
tion of the T eV region using the powerful electroreflectance method

could be very rewarding.
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From the results for reflectance with various surface conditions
alluded to in the text it is believed that knowledge of the crystal
surface is the most important aspect of any reflection measurement.
These results indicate that very careful studies of the effect of
surface preparation on reflectance are necessary and in particular
the establishment of valid criteria for determining when the surface

is truly characteristic of intrinsic bulk material are needed.
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